A controversy exists over the roles of frontal and posterior cortices in mediat-5 ing consciousness and unconsciousness. Disruption of posterior cortex during 6 sleep appears to suppress the contents of dreaming, yet activation of frontal 7 cortex appears necessary for perception and can reverse unconsciousness un-8 der anesthesia. We used anesthesia to study how regional cortical disruption, 9 mediated by slow wave modulation of broadband activity, changes during un-10 consciousness in humans. We found that broadband slow-wave modulation 11 enveloped posterior cortex when subjects initially became unconscious, but 12 later encompassed both frontal and posterior cortex when subjects were more 13 deeply anesthetized and likely unarousable. Our results suggest that uncon-14 sciousness under anesthesia comprises several distinct shifts in brain state that 15 disrupt the contents of consciousness distinct from arousal and awareness of 16 those contents. 17 Introduction 18 A controversy has arisen over the last several years regarding the role that frontal and posterior 19 cortices play in mediating consciousness. The "posterior hot zone" hypothesis proposes that 20 posterior sensory and sensory association cortices are the principal mediators of consciousness, 21 distinct from prefrontal cortex (1-3). In contrast, some groups argue that frontal-posterior inter-22 actions are critical to ignite a conscious percept (4-6). The controversy has recently expanded 23 to include studies of unconsciousness, and how functional impairment in frontal and posterior 24 regions relates to loss of consciousness (4, 7). 25 Different states of unconsciousness such as anesthesia, NREM sleep, and coma, have dis-26 tinct electrophysiological signatures. One feature that is common to all of them, however, is 27 slow-wave activity, seen in the electroencephalogram (EEG) as large deflections alternating at 28 approximately 1 Hz. These waves are thought to be large-scale indicators of underlying cor-29 tical up-and down-states in which neurons cycle between sustained periods of depolarization 30
: Peakmax coupling is broadband, and it begins after loss of consciousness on posterior electrodes before frontal electrodes. (A) Quantification of cross-frequency coupling. Two example traces from a frontal electrode (middle, "x"): "troughmax" (left) and "peakmax" (right). For each, the broadband EEG voltage (black) is bandpass filtered into low-frequency activity (LFA, orange) and high frequency activity (α, light green). The instantaneous amplitude of the high frequency signal is computed using the analytic signal (α AMP , dark green). The cross-frequency coupling quantified by the correlation between the low frequency activity and the instantaneous amplitude of the high frequency signal. On the left the correlation is negative (troughmax, blue), and on the right the correlation is positive (peakmax, red). (B) Summary of cross-frequency coupling for one subject. Top Panel: the target effect site concentration of propofol administered over the course of the session. Vertical lines indicate Loss of Consciousness (LOC) and Return of Consciousness (ROC). Second Panel: the probability of response curves for the two types of auditory stimuli (Verbal and Clicks). LOC was defined when the probability of response fell below 5% and remained for at least 5 minutes, and ROC was defined when the probability of response went above 5% and remained there for at least 5 minutes. Third and Fourth Panels: the cross-frequency coupling between the LFA and a range of amplitude frequencies (y-axis), for every 30 s interval in the session, for a set of five frontal electrodes (third panel) and a set of six posterior electrodes (fourth panel) with scalp positions indicated on the right. Fifth Panel: Scalp distribution of the cross-frequency coupling between the LFA and the 8-16 Hz amplitude. (7, 11, 12) .
condition, in contrast, the frontal lobe joins the other lobes in broadband peakmax coupling.
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Together these results suggest that broadband peakmax coupling to the slow-wave is a major 141 contributor to cross-frequency coupling dynamics during propofol anesthesia ( Figure 2 ). Fur-142 thermore, posterior cortical areas are the first to exhibit broadband peakmax coupling after loss 143 of consciousness, followed by frontal areas at high doses of propofol (Figures 3 and 4 ).
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Figure 2: Broadband effects dominate the cross-frequency coupling patterns across subjects, electrodes, and anesthetic drug levels. Here we show the results of a non-centered PCA analysis on the cross-frequency coupling patterns (i.e., to identify frequency-dependent functions describing the modulation of the high frequency signal by the LFA). The analysis was performed over all sensors, subjects, and propofol levels of interest (baseline, sedation, unconscious low dose, and unconscious high dose). Left: The first three principal modes, representing the patterns across frequency that capture the greatest percentage of total energy in the coupling patterns. Right: the percentage of total energy captured by each principal mode, in order from greatest to least. The first principal mode captures 78% of the total energy of the coupling patterns. 
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To perform the cross-frequency coupling analysis in source space, the band-passed signals in 309 the slow band and each 2 Hz band between 4 and 50 Hz were source localized using the meth-310 ods described above. For the cortical surface representations (Figure 3) , the cross-frequency 311 coupling analysis described above was applied to each source location for each subject, for the 312 four levels of interest. The average cross-frequency coupling within lobes (Figure 4) Figure S11 shows the cross-frequency coupling results for two electrodes during the four levels of interest, for all subjects: the goal of the analysis was to decompose these patterns into components that capture their major features across frequencies. Principal component analysis involves a singular value decomposition:
In the decomposition, U is a matrix whose columns are the principal modes. The first column is the first principal mode, meaning the pattern across frequencies that captures the most energy in the A matrix. The second column is the second principal mode, which captures the most energy in the data after the first mode has been removed. The principal modes are orthogonal, and they all have unit length. In order to preserve the mapping of positive values to peakmax and negative values to troughmax, the principal modes were flipped (multiplied by -1) as necessary so that the largest element would be positive. The S matrix is diagonal, and can be used to estimate the percent of the total energy that is explained by the j th mode:
Note that we chose to use non-centered PCA, which decomposes the total energy, rather 317 than centered PCA, which decomposes variance. Non-centered PCA is particularly useful in 318 situations where the origin has special significance that would be lost if the data were centered 319 by subtracting the mean (25). For patterns of cross frequency coupling, the origin represents 320 a situation in which the EEG signal contains no coupling to the slow-wave at any frequency.
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In contrast, the mean represents the average coupling to the slow-wave over subjects, propofol 322 levels, and electrodes (as a function of amplitude frequency). We feel that the origin has more 323 significance than the mean, and as a result the non-centered PCA is more interpretable than the 324 more common centered PCA.
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To quantify how the principal modes were represented in source space, we projected the source-space patterns for each subject onto the first sensor-space principal mode. First, the coupling results from the source-space analysis were combined into an aggregate A source ( f , i) matrix, where i indexes the propofol level, source location (or lobe), and subject. Then the projection of A source onto U is:
The first row of the resulting P matrix contains the projection of source-space coupling patterns 326 (for each propofol level, source location, and subject) onto the first principal mode. Since the first principal mode is relatively constant across frequencies (see Figure 2 ), the projections onto 328 this mode represent cross-frequency coupling that is broadband. Also, since the first principal 329 mode is positive for all frequencies, positive projections reflect broadband peakmax coupling 330 (all frequencies coupled to the peak of the slow-wave), and negative projections reflect broad-331 band troughmax coupling (all frequencies coupled to the trough of the slow-wave).
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The projections of the (sub ject × level × lobe) coupling patterns onto the first principal 333 mode were averaged across subjects to yield the estimates shown in Figure 4 , representing the 334 average contribution of the first mode to the cross-frequency coupling in that lobe. The 95% 335 confidence intervals were obtained using a bootstrap over subjects. Individual subject results 336 are shown in Figure S12 .
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To summarize the results across subjects on the entire cortical surface, we morphed the pro-338 jections of the (sub ject ×level ×sourcelocation) coupling patterns onto the first principal mode 339 to the Freesurfer-average surface (17) using MNE-python (24), and we averaged the resulting 340 maps across subjects. The resulting maps estimate the contribution of the chosen mode to the 341 cross frequency coupling at each cortical location (see Figure 3 ).
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Supplemental Figure S1 : Mean Vector Analysis To quantify the extent to which the high frequency amplitude couples to the peak or the trough of the slow-wave rather than to the rising or falling phases, we used mean vector analysis (22). As described above, 10 30-second artifactfree intervals were chosen in each propofol level for each subject, resulting in 100 intervals spread out over the session for each subject. For each interval, the mean vector estimate of the phase-amplitude coupling is defined as:
where A represents the 30 second timeseries of the instantaneous amplitude of the high frequency band (here, 8-16 Hz) and φ S represents the 30 second timeseries of the instantaneous
